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INTRODUCTION
The analysis of landslides, including their temporal evolution, is an important issue to be considered because of their potential hazards for people, infrastructures, etc. Knowledge of the behaviour of landslides can allow the prevention of damage (e. g. to infrastructure), anticipating the effects by means of the application of corrective measures. A landslide is defined in a simple way as "the movement of a mass of rock, debris, or earth down a slope" (Cruden, 1991) . Until this moment, some studies for analysing slope movements have been carried out using the comparison of positions of welldefined points or by comparing two surfaces obtained from two Digital Surface Models (DSMs). In this context, several techniques have been developed for this goal and applied with success. Firstly, the acquisition techniques based on the measure of discrete points of the terrain, such as total stations (Tsai et al., 2012) or Global Positioning Systems (GPS) (Gili et al., 2000) , or more generally Global Navigation Satellite Systems (GNSS). A more continuous sample of points is achieved when using Terrestrial Laser Scanning (TLS). In this case, the number of points acquired can be more than several million. So TLS allows DSMs to be obtained with the appropriate resolution to be used for analysing landslide movements (Abellán et al., 2006; Travelletti et al., 2008; Monserrat and Crosseto, 2008) . However, the main issue associated with these terrestrial techniques is that related to accessibility and visibility. A further step is given by photogrammetric and remote sensing techniques (Metternich et al., 2005; Fernández et al., 2009; Scaioni et al., 2014) and LiDAR (Jaboyedoff et al., 2012) . From traditional aerial photogrammetry (Brunsden and Chandler, 1996; Walstra et al., 2004; Prokešová, et al., 2010) to the current development of Unmanned Aircraft Systems (UAS) (Stumpf et al., 2012; Niethammer et al., 2012; Turner et al., 2015; Fernández et al., 2015) , the use of photogrammetric flights, many times combined with LiDAR data (Dewitte et al., 2008; Corsini et al., 2009; Fernández et al., 2012) , for modelling landslides has suffered an enormous increment because of the high geometric accuracy achieved, the semantic information of images, the easy accessibility in the field and the reduction of costs in the case of UAS. Furthermore, the photogrammetric techniques allow a DSM of the terrain to be obtained and also orthoimages. These cartographic products can help us understand the behaviour of the landslide. Obviously, the selection of the technique will be related to the number of points to be acquired and the accuracy of the system. The requirements of accuracy are mainly related to the range of displacements to be detected. In this sense, Nex and Remondino (2014) showed a graph where the use of the geomatic techniques is delimited depending on the zone dimensions and complexity (number of points), and Siebert and Teizer (2014) provided a comparison between the required accuracy and the area of the zone of study. A more detailed description of landslide instrumentation and monitoring techniques is shown in Margottini et al. (2013) .
As mentioned previously, nowadays the development of UAS (also known as Unmanned Aerial Vehicle: UAV, Remotely Piloted Aircraft Systems: RPAS or Drones) has allowed the obtaining of high resolution and accurate cartographic products of the terrain, such as DSMs and orthoimages (Colomina and Molina, 2014) . These factors are fundamental in studies of the evolution of landslides, if we take into account the possible existence of small displacements to be detected between two epochs, and difficulties when using other techniques such as Terrestrial Laser Scanning (e.g. caused by problems of accessibility and visibility, etc.). UAS represent a very promising tool for landslide recognition (Scaioni et al., 2014) . In this context there are several studies that have used photogrammetric products obtained from UAS flights in order to study and analyse landslides, as in natural slopes (Niethammer et al., 2012; Turner et al., 2015; Fernández et al., 2015) such as road embankments (Carvajal et al., 2011) . These studies have mainly analysed DSMs or discrete points extracted from landslides at a determined moment or comparing them between several epochs. The first and simplest approach used by several authors has been the comparison of DSMs corresponding to several epochs (Stumpf et al., 2012; Niethammer et al., 2012; Turner et al., 2015; Fernández et al., 2015) in order to analyse the evolution of a landslide. In other cases, DSM have been used to identify point features automatically; in this sense, a common issue of these studies is the use of points (extracted from DSMs or orthoimages), in a manual (Fernandez et al., 2015) or automatic way (Lucieer et al., 2014; Turner et al., 2015) for modelling the displacements. Nevertheless, there is the possibility of analysing lines instead of points due to the usual presence of some linear elements in landslides (e. g. roads, fissures, etc.). Stumpf, et al., (2012) , Niethammer et al. (2012) and Akcay (2015) analysed the landslide fissures obtained from DSMs and applied textural filters to identify active zones in the landslides, but until now lines have not been used to measure displacements. In this way, the analysis of the displacements of several epochs could give a complete model of the behaviour of the landslide if the lines are well-distributed and also the effects of the movements on some infrastructures involved in the landslide. Furthermore, the analysis of lines could allow the behaviour of these elements to be studied jointly (e.g. as a rigid block) in contrast with the discrete study of points. In any case, the displacements between epochs of some digitized lines from photogrammetric UAS projects can be determined, and a model of the behaviour of these elements can be derived from these values. This is the main hypothesis of this study.
The analysis of the displacements of linear elements has not been studied until this moment in this context. However, in the positional control of cartographic products there are some studies which have controlled a sample of lines. Several methodologies have been described for determining the positional accuracy of lines, starting from the initial concept of the uncertainty band of a line (given by Perkal, 1956) , to the current models (Shi and Liu, 2000) . In addition, some positional control methods have also been described derived from these models (Mozas and Ariza, 2010) . The main positional control methodologies based on lines, described until this moment, are based on the determination of uncertainty using distance calculations (Skidmore and Turner, 1992; Abbas et al., 1995; Ariza, 2011 and Ariza, 2015) or buffer determination (Goodchild and Hunter, 1997) . These methodologies can be used or adapted for modelling the displacements of linear elements involved in a landslide.
To summarize, in this paper we present a methodology for analysing landslides based on some linear elements located on the terrain. More specifically, we analyse some lines digitized from some road sections which are located on an unstable slope. In this way we can analyse both the movements of the slope and their effects on the infrastructure. This analysis could detect the possible existence of specific movements of the infrastructure caused by its particular behaviour (e. g. a drainage structure can act as a rigid block). The proposed methodology has been checked using two orthoimages of 5 centimetres of spatial resolution and two DSMs, obtained from two photogrammetric studies. The photographs were obtained from a UAS flight over an unstable slope with landslides which affected several sections of a road. This application has been carried out during two epochs (with four months of difference). The results have demonstrated the viability of the proposed methodology in analysing the behaviour of these infrastructures and the landslides.
METHODOLOGY
The methodology proposed in this study is summarized in Figure 1 .
Figure 1. Proposed methodology
Firstly, a common process for developing two UAS photogrammetric flights is carried out during two epochs. This process includes the planning of the flight (repeated in both epochs), the orientation of the photographs, the obtaining of the Digital Surface Model (DSM) and subsequently, the obtaining of an orthoimage, according the methodology followed in previous works (Fernández et al., 2015) . The DSMs and the orthoimages of both epochs are the final products derived from the photogrammetric process used in this study.
Secondly, a set of lines which represent roads of the scene are digitized using the orthoimage ORTHO1 and the DSM1 (corresponded to the first epoch). More specifically, the vertexes which determine the lines are acquired following the orthoimage planimetrically, and the height is obtained from the DSM1. This 2.5D digitizing procedure has an easy implementation using any GIS software, instead of the 3D digitizing provided by a specific photogrammetric software and stereo-viewing. The dataset of lines obtained (called LIN1) is copied, and as a consequence another set of lines (called LIN2) is determined. The lines, and more specifically the vertexes which composed them, are moved to the modified positions during the second epoch. This process is carried out using the orthoimage ORTHO2 as a basis for detecting planimetric changes. Obviously, the vertexes to be moved are those which appear displaced in the orthoimage ORTHO2 with respect to the first epoch. The height of the vertexes of LIN2 is obtained from the DTM2 (similarly to the procedure followed for the first epoch). So after this stage two sets of lines which represent Thirdly, the main step of this methodology is related to the control of lines. The two sets of lines are compared using three different methods based on lines both in 2D and 3D in order to analyse the behaviour of height component. The first control method is related to the determination of the Hausdorff Distance (HD) (Abbas et al., 1995) between the homologous lines. The calculation consists of the determination of the maximum distance between the vertexes of the line of LIN1 and the line of LIN2 (Figure 2a ) and vice versa. This method provides an estimation of the maximum displacement between the lines. The second is called Mean Displacement (MD). This method was originally described by Skidmore and Turner (1992) for 2D lines and was extended to 3D lines by Mozas and Ariza (2015) . It consists of the determination of the enclosed area between both homologous lines divided by the length of the line. The determination of the enclosed area for 3D lines was solved by Mozas and Ariza (2015) using a 3D triangulation between the lines (Figure 2b ). The third method to be applied is the VIM method (Mozas and Ariza, 2011) , which provides values of mean displacement (VIM-D) and average increments (VIM-I). This method consists of the calculation of the Euclidean distances and the increments of coordinates from the vertexes of the control line (for example, i in Figure 2c ) to the line to be controlled and the weighting of these values by the length of the adjacent segments to the implicated vertex (s i-1 and s i in Figure  2c ). The final results are a mean value of displacement and three mean values of increments (X, Y and Z). In this case, the lines of the first epoch (LIN1) are considered as control lines and LIN2 are selected as those to be controlled (following the notation given by Mozas and Ariza, 2011) . The final stage of the methodology is that related to the analysis of the results obtained in the previous step.
APPLICATION
This methodology is applied to the real case of an unstable slope close to the A-44 highway in Jaén (Spain) (Figure 3 ). In this zone there are several active landslides (Fernández et al., 2015) . In this case we analysed two active sections (Figure 3 ) or landslides which correspond to mud flows, according to the classification of Varnes (1978) . Following the proposed methodology two UAS photogrammetric projects (called UAS1 and UAS2) were developed with a temporal interval of about 4 months (November of 2012 and March of 2013). These epochs correspond to dry and wet seasons in this location. Figure 3 . Zone of study and landslides.
The UAS was a Falcon 8 ASCTEC model from Ascending Technologies, equipped with a camera Sony Nex-5N (14.2 mpx) with a 16 mm wide angle lens. The flight was planned considering a mean value of Ground Sample Distance (GSD) of 0.03 metres. Considering the height of the flight, the camera and the dimensions of the zone (22 hectares), the flight plan consisted of 6 strips with 72 photographs in total. The same flight plan was carried out in both epochs. After each flight, the orientation of the photographs used a set of well-distributed points which were materialized on the terrain using artificial targets. The size of the targets was defined taking into account the value of the GSD. The coordinates of the targets were obtained from two GPS-RTK surveys (one for each flight). So after the orientation stage the residuals of the adjustments were 0.029m, 0.023m and 0.032m (X, Y and Z, respectively) for UAS1 and 0.014m, 0.011m and 0.013m (X, Y and Z, respectively) for UAS2. As final products of the photogrammetric process, we obtained a DSM and an orthoimage of 0.05 metres of GSD for each epoch (called DSM1, DSM2 and ORTHO1 and ORTHO2 respectively).The orientation and the DSM generation were carried out using PhotoScan TM software and the orthoimage using Socet Set TM software. The next stage consisted of the digitizing of some linear elements extracted from the terrain which were affected by the movements of the landslide. This digitizing was carried out using the orthoimage ORTHO1 as a base to follow the linear elements (checking the displaced sections with ORTHO2). We selected road edges and road marks, obtaining a
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B7, 2016 XXIII ISPRS Congress, 12-19 July 2016, Prague, Czech Republic set of lines called LIN1. The planimetric digitizing was carried out using QGIS TM software. After that, ArcGIS TM software was used for determining the height of each vertex (using the DSM1 as reference). The LIN1 was copied (LIN2) and the vertexes of the lines were moved to the new positions that appeared in ORTHO2. Finally, the process of obtaining height values was repeated on LIN2, using DSM2 in this case. Thus the final dataset was composed of 23 lines defined by 390 vertexes and a total length of about 1000 metres (Figure 4) . We divided the zone of study into 3 sectors considering 3 separate zones where the lines were affected by the landslides. These 3 sectors were called ZONE1 (Figure 4a ), ZONE2 ( Figure 4b ) and ZONE3 (Figure 4c ). The zones were selected and located inside the unstable slope in order to analyse the behaviour of the landslides. ZONE1 was located at the head of the main landslide, according to IAEG (1990) terminology. ZONE 2 was in an intermediate zone which was affected by a secondary landslide separate from the main one. This landslide was situated on the northern flank of the unstable slope. Finally, ZONE3 was located at the foot of the main landslide close to the highway (IAEG, 1990) .
The final step consisted of the application of positional control based on lines to both datasets of lines both in 2D and 3D cases. This stage was implemented using a specific application developed in JAVA TM for this purpose.
RESULTS AND DISCUSSION
A summary of the 3D lengths of the lines LIN1 and LIN2 is shown in The results of the application of the control methods to LIN1 and LIN2 are presented divided by method, by case (2D and 3D) and by zone in Table 2 . The results of the HD method show mean displacement values of about 1 metre (2D and 3D), with a difference between 2D and 3D of about 13 centimetres. The analysis by zone shows higher values in ZONE1 (both 2D and 3D) with respect to the others. This indicates the existence of some singular displacements in this head zone of the landslide. The mean results presented in Table 2 are confirmed with the graphical analysis of specific displacements of the lines. Figure  5 , Figure 6 and Figure 7 show the displacement vector for each line obtained using VIM-I values. For an easy interpretation, the vectors are represented multiplying the modules by a 20 factor in XY and colouring the vector according to the Z increment (positive or negative). Figure 5 shows the displacement vectors of ZONE1. There are some parallel vectors in the northeastern direction (on the right) with higher values of displacement and negative values of Z increment. This zone corresponds to the area nearest to the main scarp of the landslide. More to the left, the vectors show more variability with positive and negative values of Z increments. Figure 6 shows the displacement vectors of ZONE2. In this case the vectors show similar behaviour with parallel directions closer to North than the previous case. This is coherent because this landslide is isolated from the other and its direction is slightly different. All vectors show positive Z increments. Finally, Figure 7 shows the displacements obtained in ZONE3.
In this case, the vectors also show similar directions with respect to those of ZONE1 (to the northeast) and the Z increments are positive in all cases.
The results have shown the evolution of the lines analysed between both epochs and as a consequence the behaviour of the landslides. In general, the displacement in XY shows values of 0.6-0.7 metres with directions approximated to the northeast. The Z component shows more variability because there are some negative increments in ZONE1 (the nearest parts to the main scarp). Thus the general behaviour suggests a transfer of material in the northeast direction which is accumulated, and as consequence there is an elevation of the terrain and more specifically of the infrastructures analysed. The differences of direction found in the vectors of ZONE2 are also coherent if we consider that this zone is isolated from the main landslide. The analysis of the variation of the length of lines by zones indicates that the lines in ZONE1 suffered greater deformations (about 2.5 metres) than the other lines. In general there are increases of length in the evolution of the lines. This is coherent with the type of landslides of this zone corresponding to flows (Fernández et al., 2015) in which mass deformations produce an expansion of the features. The lines of ZONE3 show a small reduction in length (about 10 centimetres) but this value is not significant. To summarize, the values of length, displacements and increments obtained are coherent considering the characteristics of the unstable slope and the location and particularities of each zone, and the methodology has been able to detect these movements.
CONCLUSIONS
This study has proposed a new methodology for analysing the behaviour of landslides based on the displacement of lines. The
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B7, 2016 XXIII ISPRS Congress, 12-19 July 2016, Prague, Czech Republic analysis of lines included in the landslide allows information to be obtained about the kinematics of the landslide and also about the behaviour of the affected infrastructure (e. g. roads). The methodology includes the obtaining of two datasets of lines digitized from two UAS projects performed during two epochs. The lines are obtained from an orthoimage and a DSM in each epoch. After that, the displacements of lines are checked using some positional control procedures based on lines. We have to highlight the implementation of these procedures in 3D. This supposes an important step for this work in contrast to the traditional use of lines in 2D in positional control procedures.
The application to a real case has demonstrated the viability of the proposed methodology because it has detected the displacements of lines and as a consequence the behaviour of each landslide can be known. The displacement values obtained are reliable because they are much higher than the positional accuracy given by the acquisition technique (estimated at 5 centimetres). The analysis by zones has also shown to be very interesting because of the possibilities of finding particular behaviours in displacement directions or changes in heights.
This study has to be understood as a preliminary work. Future work will deal with advances in the methodology, adapting control procedures to this goal, the extension to other types of lines (e. g. fissures), the employment of more UAS flights, analysis of the sample size, accuracies, etc.
